Human immunodeficiency virus type 1 (HIV-1), the etiologic agent of acquired immunodeficiency syndrome (AIDS), utilizes a metastable envelope glycoprotein (Env) trimer to engage host receptors and enter target cells 1 . During synthesis in the virus-producing cell, the Env precursor trimerizes and is glycosylated and cleaved into gp120 and gp41 subunits 2 . Env is the only virus-specific target accessible to neutralizing antibodies and has evolved a protective 'glycan shield' and surface variability 3, 4 . On the membrane of primary HIV-1, Env exists in a pre-triggered conformation (State 1) that resists the binding of commonly elicited antibodies 5, 6 .
Binding to the receptor, CD4, on the target cell releases the restraints that maintain Env in State 1, allowing transitions through a default intermediate conformation (State 2) to the pre-hairpin intermediate (State 3) . 5, 7 In the more "open" State-3 Env, a trimeric coiled coil composed of the gp41 heptad repeat (HR1) region is formed and exposed, as is the gp120 binding site for the second receptor, either CCR5 or CXCR4. [8] [9] [10] Binding to these chemokine receptors is thought to promote the insertion of the hydrophobic gp41 fusion peptide into the target cell membrane and the formation of a highly stable six-helix bundle, which mediates viral-cell membrane fusion [11] [12] [13] .
The conformational flexibility of Env required for HIV-1 entry has created challenges for structural studies. Nonetheless, structural information on individual HIV-1 Env subunits or subcomplexes 11, 12, 14, 15 , stabilized soluble gp140 trimers 3, 4, [16] [17] [18] [19] [20] , solubilized membrane Env trimers [21] [22] [23] and virion Envs [24] [25] [26] , in either ligand-bound or free conformations, has been obtained by crystallography or electron microscopy. High-resolution structures of the HIV-1 Env ectodomain complexed with antibodies reveal a trimeric architecture stabilized by a gp41 HR1 coiled coil, from which emanates a three-bladed propeller composed of gp120 subunits 17, 23, 27 .
Recent observations (Lu et al., unpublished observations) challenge the assumption that these trimer structures represent State 1, underscoring the need for additional studies relating Env structures to functional states on the virus entry pathway.
Env conformational plasticity may help HIV-1 avoid neutralization by antibodies 28, 29 . High titers of antibodies against State-2/3 Env conformations are elicited early during HIV-1 infection, but these antibodies cannot access their epitopes once the virus has bound CD4 and therefore do not neutralize efficiently 30, 31 . Antibodies that recognize conserved structures on State-1 Envs are generated less frequently and only after years of HIV-1 infection [32] [33] [34] . Antibodies with State-2/3 specificity often recognize the Env precursor more efficiently than cleaved Env [35] [36] [37] [38] [39] [40] [41] .
Crosslinking the Env precursor exerted an effect on Env antigenicity similar to that of gp120-gp41 cleavage, suggesting that the Env precursor might be more flexible than mature Env. 29 Here we use several approaches, including single-molecule FRET (smFRET) and single-particle cryoelectron microscopy (cryo-EM), to investigate the conformational landscape of a full-length, fully glycosylated Env precursor. Our analysis suggests that the Env precursor spontaneously samples multiple conformations related to States 1-3, marked by either the presence or absence of the central three-helix bundle of gp41. We discuss the implications of Env precursor conformational plasticity for HIV-1 evasion of the host immune response.
Results

Analysis of HIV-1 Env precursor conformations
Cleavage of the HIV-1 Env precursor affects its antigenicity. [35] [36] [37] [38] [39] [40] [41] (Fig. 1b) .
Cryo-EM structure determination
We collected cryo-EM data in video frames of a super-resolution counting mode with the Gatan K2 Summit direct electron detector mounted on an FEI Tecnai Arctica operating at 200 kV. We extracted 1,366,095 single-particle images of Env(-) from 10,299 drift-corrected movies using a deep-learning-based approach in a template-free fashion 42 ( Fig. 2a) . These particle images were subjected to exhaustive unsupervised 2D classification by a statistical manifold learning algorithm 43 and unsupervised maximum likelihood-based 3D classification 44 was then used as a starting model to derive a pseudo-atomic model for State P1 (Fig. 2f , Supplementary Fig. 4 ).
To confirm that the unsupervised 3D classification did not overfit the data, we conducted additional validation tests. First, a tilt-pair validation with data collected with the K2 direct electron detector was performed by incorporating a 3D classification procedure into the tilt-pair analysis (see Methods). The results validated the P1 map resulting from our unsupervised 3D
classification ( Supplementary Fig. 5 ). Second, to exclude potential reference bias in cryo-EM refinement, we conducted high-resolution refinement of the P1 dataset using the P2 map as an initial model, and vice versa. The P1 map refined using the P2 initial model is virtually identical to the P1 map refined using its own low-passed filtered model ( Supplementary Fig. 6 ). Likewise, the P2 map refined using the P1 initial model conforms to the P2 map derived by refinement using a consensus model. These validation tests support the conclusion that the P1 and P2 maps represent distinct conformations existing in the purified Env(-) sample.
Overview of Env precursor conformational states
The structure of State-P1 Env(-) shares a topology similar to that of the cryo-electron tomography (cryo-ET) map of the native Env spike on HIV-1 virions 25 and closely reproduces the molecular surface of the uncleaved Env with the cytoplasmic tail (CT) deleted (Env(-)ΔCT)
( Supplementary Fig. 7 ). 22 The central cavity surrounding the trimer axis is a prominent feature of these structures. Peripheral to the transmembrane helices, prominent tripod-like structures project toward the membrane in State P1. The three blades of gp120 in State P1 are slightly more splayed outward than in State P2 ( Fig. 2d-g ).
The structure of State-P2 Env(-) shares a similar topology to that of sgp140 SOSIP.664 (refs. 3, 4, 17, 18, 27, 45) and the cleaved Env(+)ΔCT, the latter structure determined in complex with the PGT151 broadly neutralizing antibody (bNAb). 
Structure of the Env precursor in State P2
Despite the overall similarity between our State-P2 HIV-1 JR-FL Env(-) structure and the PGT151-bound cleaved HIV-1 JR-FL Env(+)ΔCT structure, the two conformations exhibit some notable differences (Fig. 3) . First, the State-P2 Env(-) gp120 subunits are shifted away from the trimer axis relative to their position in the PGT151-bound Env(+)ΔCT structure (Fig. 3a) . When the gp120 structures are aligned using the gp120 outer domain (OD), the gp120 inner domain (ID) exhibits a counterclockwise rotation in State-P2 Env(-) relative to the PGT151-bound Env(+)ΔCT ( Fig. 3b-d) .
Second, the gp120 trimer association domain (TAD) adopts a flatter conformation in the State-P2 Env(-). The gp120 TAD, composed of the V1, V2 and V3 regions, is situated at the trimer apex and can influence the propensity of Env to move from State 1. 7 In the State-P2 structure, the V1/V2 region assumes a four-stranded Greek-key β-sheet topology, as seen in the crystal structures of sgp140 SOSIP.664 and V1/V2 scaffolds complexed with bNAbs PG9 and PG16 19, 46 . Unlike the vertical configuration in the PGT151-bound Env(+)ΔCT, the inter-V1V2 loop (residues Ser164 to Glu168) mediating gp120 inter-subunit interaction at the trimer apex 17, 27, 47 adopts a flatter and tighter configuration in State P2, stacking over the V3 tip. Consequently, the V1 loop of State-P2 Env(-) slides outwards away from trimer axis by about 5 Å. Thus, the quaternary structure of the gp120 TAD is overall more splayed out at the apex of the State-P2
Env(-).
Third, the central 3-HB c formed by part of gp41 HR1 is about 5 residues shorter in the State-P2 Env(-) than in the PGT151-bound Env(+)ΔCT (Fig. 3e ,f). The crossing angle of the three helices is also slightly larger in the State-P2 structure. Coincidently, the central 3-HB c is about 6 Å closer to the gp120 TAD apex in the State-P2 Env(-) than in the PGT151-bound Env(+)ΔCT.
Thus, the central 3-HB c in the PGT151-bound Env(+)ΔCT trimer is tighter and apparently more stable than that in the State-P2 Env(-). These observations are compatible with the movement of gp120 away from the trimer axis in the State-P2 Env(-), relative to its position in the PGT151-bound Env(+)ΔCT trimer.
Fourth, major differences were also found in the N-terminal portion of the HR1 region and the entire HR2 region of gp41. Similar to the sgp140 SOSIP.664 Env structure, the N-terminal portion of HR1 is not resolved in the State-P2 Env(-) map. However, this region is helical in the PGT151-bound Env(+)ΔCT structure, allowing HR1 to adopt a helix-turn-helix topology 23 .
Notably, the long gp41 HR2 helices observed in the sgp140 SOSIP.664 and PGT151-bound Env(+)ΔCT structures are not evident in the State-P2 Env(-) map.
The gp41 membrane-proximal external region (MPER) and transmembrane (TM) regions were truncated in the sgp140 SOSIP.664 Env construct, and were also found to be disordered in the PGT151-bound Env(+)ΔCT structure. Consistent with this observation, in our State-P2 Env(-) map, these regions were not well resolved.
Structure of the Env precursor in State P1
The architecture of the State-P1 Env precursor is notably different from that of State P2 in two respects. First, the striking hollow architecture of the State-P1 Env(-) trimer, with a central cavity along the trimer axis, contrasts with the more compact State-P2 architecture. Second, the membrane-proximal regions of State-P1 Env(-) are mostly ordered, in contrast to the disorder of these regions in State P2. Although the resolution of the P1 map did not permit an accurate Cα backbone trace, the pseudo-atomic model of the gp120 subunit derived from the P2 map could be fitted into the P1 map as a rigid body. The NMR structure of a single gp41 membrane-spanning helix 15 was fit into the transmembrane region of the P1 map with flexible adjustment. In the final pseudo-atomic model of State P1, the majority of the gp41 ectodomain was not interpreted due to lack of resolution.
The orientation of the gp120 subunits differs slightly in the State-P1 and State-P2 Env(-)
trimers. In the sgp140 SOSIP.664 and State-P2 structures, the V3 loop, forming an antiparallel β-hairpin situated beneath the V1/V2 elements, contributes to the inter-protomer interaction among gp120 subunits 17, 27, 47 . The interaction of the tip of the V3 β-hairpin with the neighboring gp120 subunit forms a pivot that allows each gp120 core to adjust its tilt along the trimer axis in different conformational states. Using the V3 β-hairpin as a pivot, each gp120 subunit is rotated outward, away from the trimer axis, in State P1 relative to State P2 (Fig. 4a, b) . When viewing the two conformations laterally, the entire gp120 blade in State P1 is rotated in a direction that is better aligned with the trimer axis ( 
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In contrast to State P2, the three transmembrane helices in the State P1 Env(-) trimer are well ordered and form a left-handed coiled coil, in line with the cryo-EM structure of an unliganded Env(-)ΔCT trimer 22 and the recent NMR structure of a trimeric gp41 transmembrane peptide 15 .
The State P1 Env(-) transmembrane coiled coil seems more splayed out on the cytoplasmic side of the membrane as compared to that in the Env(-)ΔCT trimer 22 or in the NMR structure of the gp41 transmembrane trimer 15 , possibly related to the disorder in the Env(-) cytoplasmic tails. A density extending from the transmembrane helices towards the cytoplasmic side of the membrane may indicate a mobile, intramembrane charged residue, arginine 596. Consistent with the cryo-EM reconstruction of Env(-)ΔCT, the transmembrane region is encircled with triangular layers of MPER structures that potentially abut the membrane 22 ( Fig. 4c ). In the P1 map, the HR2 region appears to be broken into several short secondary structure elements that interdigitate with the MPER and likely with HR1 as well 22 .
Transitions between State P1 and State P2
Reversible transitions between State P1 and State P2 of the HIV-1 Env precursor occur spontaneously and in response to particular ligands (See Lu et al., accompanying manuscript).
The sharp contrast between the ordered gp41 regions of State P1 and State P2 suggests that the gp41 ectodomain can undergo refolding around its central regions, a process that dictates a tight association between a specific gp41 quaternary structure and a given state (Fig. 4d) . Such gp41 refolding involves movement of the gp41 HR1 C-terminal portion from more peripheral locations remote from the trimer center in State P1 to the 3-HB c surrounding the trimer axis in State P2. In State P1, concomitant with more peripherally located HR1 elements and a more stable quaternary architecture of TM/MPER/HR2, the three gp120 subunits fall slightly apart with an inter-protomer distance greater than that in State P2 (Fig. 4a,b) . As the HR1 refolds into the 3-HB c during the transition from State P1 to State P2, the 3-HB c structure pulls each gp120
closer to the trimer axis.
Movement of gp120 may be assisted by particular structures. In addition to the rigid body motion of the gp120 outer domain described above, conformational changes likely involve the gp120 trimer association domain (TAD) and inner domain 5, 48 . The low resolution of the State-P1 Env(-) structure precludes a definitive comparison of these structural regions in P1 and P2 states.
However, flanking the central cavity of State P1 is a prominent loop-like structure that may represent part of the gp120 inner domain. 48 If this hypothesis is correct, movement of gp120 is necessitated by 3-HB c formation, which in State 2 occupies the same space as the loop-like structure. Movement of gp120 coincides with a break in the quaternary structure of the membrane-proximal gp41 regions (TM/MPER/HR2) (Fig. 4d) . Although the extent of the latter changes in gp41 will likely be influenced by the presence of the membrane, the results suggest a relationship between state transitions in the rest of the Env precursor and the conformation of the membrane-proximal elements of gp41.
Env precursor glycosylation
Given that State-P1 and State-P2 Env(-) trimers readily interconvert, we expect their glycosylation profile to be similar; however, properties of the Env glycan shield could differ as a result of Env conformation-dependent shifts in the location of particular glycans. In the State-P2 map, we identified the majority of the gp120 glycan-associated densities, including some of those identified as complex glycans by mass spectrometric analysis 49 of the purified Env(-) glycoprotein ( Supplementary Fig. 2e ). Consistent with the crystallographic analysis of the glycan shield in the sgp140 SOSIP.664 context 3, 4 , the gp120 glycans in high-density areas exhibit at least partial order in the peptide-proximal glycan residues. Most distal glycan residues are not well resolved, reflecting their dynamic nature and heterogeneity.
After pseudo-atomic interpretation of the gp120 components in the State-P1 map, there are several extra densities that are of the appropriate size and shape to be glycans. Most of these are positioned similarly to the State-P2 glycans; however, more specific characterization of the State-P1 glycan structure will require additional data. Likewise, although glycan-like densities are apparent in the gp41 subunit of State P1, interpretation awaits a more complete gp41 atomic model for this state. The HIV-1 Env spike, which was first observed through in situ cryo-ET on native virions 51 , displayed a tripod architecture in the membrane-spanning anchor region that was challenged and debated 26, [52] [53] [54] . Here, we visualized membrane-proximal tripod-like gp41 structures in State P1
Discussion
that potentially buttress the Env spike. The observed variation in the splay and position of these tripod-like structures 26, [52] [53] [54] indicates their conformational flexibility, explaining how they could be highly dependent on Env preparation variables and thus escape detection. Indeed, the entire gp41 MPER and TM regions were disordered in a high-resolution cryo-EM reconstruction of the PGT151-bound Env(+)ΔCT trimer 23 .
An independent cryo-ET study of mature Env on HIV-1 virions at an improved resolution, in contrast to the early cryo-ET study, revealed a prominent central cavity in the Env spike 25 . This architecture is consistent with our State-P1 conformation as well as our previous map of Env(-)ΔCT 22 . However, later single-particle cryo-EM studies of sgp140 SOSIP.664 trimers, which we now know represent a State-2 gp120 conformation (Lu et al., in preparation), failed to observe the central cavity, leading to its speculative reinterpretation as an "artefact" resulting from low resolution 16, 18 . Inconsistent with this interpretation, low-pass filtering our State-P2 map to the resolution of the cryo-ET study does not give rise to a prominent central cavity, in stark contrast to the central cavity consistently shown in the State-P1 map filtered at multiple different resolutions ( Supplementary Fig. 8 ). 
Methods
Protein expression and purification. For expression of the uncleaved full-length membraneanchored HIV-1 JR-FL Env(-) glycoprotein, the env cDNA was codon-optimized and was cloned into an HIV-1-based lentiviral vector. These Env sequences contain a heterologous signal sequence from CD5 in place of that of wild-type HIV-1 Env. The proteolytic cleavage site between gp120 and gp41 was altered, substituting two serine residues for Arg 508 and Arg 511.
In the HIV-1 JR-FL Env(-) glycoprotein, the amino acid sequence LVPRGS-(His) 6 epitope tag was incubated with biotin-conjugated anti-(His) 6 tag antibody (HIS.H8, Invitrogen) at 4° for two hours.
All smFRET data were acquired on a home-built total internal reflection fluorescence (TIRF) microscope, as previously described. antibody, as described above.
Analysis of Env glycopeptides.
The sample preparation and mass spectrometric analysis of Env(-) glycopeptides has been described previously 49 , and no changes were made to the procedure for the current analysis. Briefly, the Env(-) glycoprotein was denatured with urea, reduced with TCEP, alkylated with iodoacetamide, and quenched with dithiothreitol. The protein was then buffer exchanged, digested with trypsin alone or with a combination of trypsin and chymotrypsin, generating glycopeptides.
The glycopeptides were analyzed by LC-MS on an LTQ-Orbitrap Velos Pro (Thermo Scientific) mass spectrometer equipped with ETD (electron transfer dissociation) that was coupled to an Acquity Ultra Performance Liquid Chromatography (UPLC) system (Waters).
About 35 micromoles of digest was separated by reverse phase HPLC using a multistep gradient, on a C18 PepMap™ 300 column. The mass spectrometric analysis was performed using datadependent scanning, alternating a high-resolution scan (30,000 at m/z 400), followed by ETD and collision-induced dissociation (CID) data of the five most intense ions. The glycopeptides were identified in the raw data files using a combination of freely available glycopeptide analysis software and expert identification, as described previously 49 . Data analysis and cryo-EM refinement. The raw movie frames were first corrected for their gain reference and each movie was used to generate a micrograph that was corrected for sample movement and drift with the MotionCor2 program 57 . These drift-corrected micrographs were used for the determination of the actual defocus of each micrograph with the CTFFind4 program 58 . Using DeepEM, a deep learning-based particle extraction program that we recently developed 42 , 1,436,424 particles of Env(-) were automatically selected in a template-free fashion.
Cryo-EM
Reference-free 2D classification was done in a recently developed program, ROME 43 , which combines maximum likelihood-based image alignment 44 and statistical manifold learning-based classification 43 . 3D classification was conducted with the maximum-likelihood approach implemented in either RELION 1.3 or ROME 1. . From the micrograph set taken at the first tilt angle, 100,000 singleparticle images of the Env(-)glycoprotein were automatically picked in a template-free fashion using the program DeepEM 42 . The local defocus of each particle was calculated with the program Gctf 59 . 2D and 3D classifications of this particle dataset were processed in a fashion similar to that described above for the particles without tilting. After the first round of referencefree 2D classification, bad classes of particles were rejected upon inspection of the class average quality. The previous initial model, either the State-P1 or State-P2 reconstruction, low-pass filtered to 60 Å, was used as the input reference to conduct an unsupervised 3D classification into 6 classes with C3 symmetry imposed, using an angular sampling of 7.5° and a regularization parameter T of 4. Among the 6 output classes, Class 2 and Class 3 reconstructions, consisting of 49.8% and 8.49% of the total particles, exhibited structural features virtually identical to those of State P2 and State P1, respectively. Both classes were obtained exclusively from the tilt-pair data, independent of the data of untilted samples used to obtain the initial P1 and P2 maps previously.
A total of 135 pairs of particles from Class 3, corresponding to the State-P1 conformation, were used for tilt-pair validation analysis. The particle image of the second tilt in each particle pair was picked and verified manually with EMAN 2.2. The dataset of tilt-pair particles was used to perform tilt-pair validation against the previously refined P1 and P2 maps using the e2tiltvalidate.py code from the EMAN package, in which projection matching and tilt distance were calculated with C3 symmetry imposed. The results were plotted with a custom-made Python script, while the statistics were computed with the EMValidationPlot function from EMAN.
Model building and structural analysis. To build the pseudo-atomic model of State P2, we used a previously published PGT151-bound Env(+)ΔCT structure 23 and then manually improved the main-chain and side-chain fitting in Coot 60 to generate the starting coordinate files. The fitting of the pseudo-atomic model into the State-P2 density map was further improved through the program Phenix.real_space_refine 61 , with secondary-structure and geometry restraints to prevent overfitting. The pseudo-atomic model of the gp120 subunit from State P2 was used as a whole to perform rigid-body fitting into the State-P1 density. Structural comparison was conducted in Pymol 62 and Chimera. Interaction analysis between adjacent subunits was performed using PISA 63 . All figures of the structures were produced in Chimera and Pymol
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The cryo-EM reconstructions of states P1 and P2 reported in this All authors contributed to data analysis and manuscript preparation. After washing and lysis of the cells, the antibody-Env complexes were purified using Protein A-Sepharose beads and analyzed by Western blotting with a rabbit antigp120 polyclonal serum. b, HIV-1 JR-FL Env(-) with V1 and V4 labels was purified from CHO cell membranes using a protocol identical to that used for preparation of Env(-) for cryo-EM imaging. The purified Env(-) was labeled and analyzed by smFRET. FRET trajectories were compiled into a population FRET histogram and fit to the Gaussian distributions associated with each conformational state, according to a hidden Markov model 5 . The percentage of the population that occupies each state as well as the number of molecules analyzed (N) is shown. The error bars represent the standard deviation from three independent data sets. 
